We present state-of-the-art calculations of viscous photon emission from nuclear collisions at RHIC and LHC. Fluctuating initial density profiles are evolved with event-by-event viscous hydrodynamics. Momentum spectra of thermal photons radiated by these explosively expanding fireballs and their pT -differential anisotropic flow coefficients vn(pT ) are computed, both with and without accounting for viscous corrections to the standard thermal emission rates. Viscous corrections to the rates are found to have a larger effect on the vn coefficients than the viscous suppression of hydrodynamic flow anisotropies. Since photons are found to be more sensitive to the quark-gluon plasma (QGP) shear viscosity than hadrons, their anisotropic flow coefficients vn serve as a sensitive QGP viscometer.
, i.e. to less than 3 times the lowest value allowed by quantum theory [3] . (η/s) QGP is extracted from measured anisotropies in the flow pattern of the hadrons emitted from the collision fireball in its final freeze-out stage [2] . These flow anisotropies are driven by anisotropic pressure gradients in the fireball, caused by collision geometry and event-by-event fluctuations in its initial density distribution. Shear viscosity degrades the fluid's ability to convert such pressure anisotropies into flow anisotropies. It is this viscous suppression of anisotropic flow that is being exploited when extracting (η/s) QGP from measured final state flow patterns.
All known liquids have specific shear viscosities η/s that depend on temperature, featuring a pronounced minimum near the liquid-gas phase transition [4] . The temperature dependence of the QGP shear viscosity [5, 6] is of paramount interest since a possible rise of (η/s) QGP (T ) at temperatures above the critical value T c of the quark-hadron phase transition may indicate a gradual change of character of the QGP, from a stronglycoupled liquid near T c to a more weakly coupled gaseous plasma at much higher temperatures. The bulk of the particles created in heavy-ion collisions are strongly interacting hadrons that escape only at the very end of the fireball's evolution and thus contain only indirect information about the hottest QGP stages near the beginning of its life. Photons, on the other hand, interact only electromagnetically and can escape from the fireball during all collision stages, especially from its hot core.
Anisotropies in the photon spectra reflect flow and momentum anisotropies of the radiating QGP at the time of photon emission and are thus sensitive to shear viscous effects at that time. A measurement of anisotropic photon flow thus provides a window into the hot QGP core of the fireball [7] , offering the chance to directly constrain its specific shear viscosity at temperatures T T c .
For a fixed value of η/s, the dynamical effects from shear viscosity are proportional to the fluid's expansion rate [1] . In heavy-ion collisions the expansion rate is highest at early times. Viscous effects on photon flow should therefore be more important than those for hadrons emitted at the end of the collision. This led Dusling [8] to propose using photons as a QGP viscometer. We expand on this idea by studying the entire spectrum of anisotropic flows generated in the event: using the standard characterization of the emitted momentum distribution in terms of azimuthal Fourier coefficients ("anisotropic flows") v n and their associated flow angles Ψ n ,
where φ p is the angle of the emitted particle momentum p around the beam direction, we focus not just on the "elliptic flow" v 2 studied in previous work [7] [8] [9] [10] [11] [12] [13] , but also on the higher harmonic flow coefficients v 3,4,5 .
Investigating higher order flow harmonics is motivated by at least two observations: First, it is known [14, 15] that shear viscosity suppresses the higher v n coefficients more strongly than v 2 . A simple scaling law proposed in [16] suggests exponential suppression with n 2 , and this appears to be roughly consistent with the experimental data [17] . The slope of ln(v n /ǫ n ) vs. n 2 should be proportional to η/s. Second, measurements by the PHENIX collaboration of direct photons in 200 A GeV Au+Au collisions established a strong excess over known pQCD sources that has been attributed to thermal radiation [18] . The measured azimuthal anisotropy of this radiation [19] implies an unexpectedly large photon elliptic flow, comparable to that of pions. Recent direct photon measurements by the ALICE collaboration in 2.76 A TeV Pb+Pb collisions at the LHC [20] confirmed these findings which challenge our current theoretical understanding of microscopic rates and/or bulk dynamics [7, 10, 11] . They prompted a novel idea to generate large photon elliptic flow through a non-perturbative pre-equilibrium mechanism involving the huge initial magnetic fields generated by the colliding nuclei [12] . Triangular photon flow v 3 , which is purely driven by initial density fluctuations and whose direction Ψ 3 is therefore randomly oriented relative to the impact parameter and magnetic field [21, 22] , should allow to disentangle the thermal photon signal from these pre-equilibrium photons.
In an anisotropically expanding fireball, viscosity leads to anisotropic deviations of the phase-space distribution from local equilibrium that affect thermal photon emission in two distinct ways: They alter the development of hydrodynamic flow, by increasing its radial component while suppressing its anisotropies [1, 2] , and they modify the electromagnetic emission rate which becomes locally anisotropic. Deviations from isotropy of the local rest frame momentum distributions and anisotropic medium-induced self-energies of the exchanged quanta both contribute to this anisotropy. We here present a first study where all of these effects are included consistently, within approximations detailed below. Our approach involves the generalization of the rules of finite temperature quantum field theory to systems that are slightly out of thermal equilibrium, including all terms that are linear in the viscous correction π µν (x) to the energy momentum tensor T µν (x) at emission point x. Off-equilibrium corrections to photon emission rates were studied before [8, 11, 23] , but only including the viscous corrections to the distribution functions of the particles involved in the radiation process. In the QGP, where collisions are caused by the exchange of (originally massless) gluons, dynamically generated (so-called Hard Thermal Loop (HTL)) self energies must be taken into account to regulate an infrared divergence caused by very soft collisions. In a plasma with locally anisotropic momentum distributions, these HTL self energies are anisotropic, too. In previous work [23] [24] [25] , the HTL-resummed quark self-energy was evaluated for spheroidally deformed momentum distributions. Here we generalize the HTL resummation scheme to anisotropic distribution functions of the more general form [26] 
where f 0 (p) is the Bose/Fermi equilibrium distribution function, e and P are the energy density and thermal pressure, χ(p/T ) = (p/T ) α with 1 ≤ α ≤ 2,p µ is the momentum unit vector, and π µν is the shear stress tensor of the system (we ignore bulk viscosity). Below we show results for α = 2 where the viscous corrections grow approximately quadratically with the photon momentum [27] . Work on adding viscous corrections to the collinear emission kernel developed by AMY [28] , necessary for a complete leading-order calculation of the viscous QGP photon emission rates, is ongoing.
The rate for emitting a photon in a 2 → 2 process 1 + 2 → 3 + γ can be written as
where
2Ep . In the QGP phase, the 2 → 2 photon production channels involve quark-gluon Compton scattering and quark-antiquark annihilation. The logarithmic infrared divergence from soft collisions is regulated by using a HTL-resummed internal quark propagator [33, 34] . The hadron gas (HG) phase is modeled as an interacting meson gas within the SU(3) × SU(3) massive Yang-Mills approach used in previous studies (see, e.g., Refs. [30, 31] ). At tree level, this formalism contributes 8 photon-producing reaction channels involving π, K, ρ, ω, and a 1 mesons [32] .
Viscous corrections are included to linear order in π µν , by writing the thermal photon emission rates as
where Γ 0 and Γ µν represent the equilibrium contribution and the first order viscous correction to the emission rate, respectively. Since π µν is traceless and transverse to the flow velocity u µ , this can be cast into
with the projection tensor
The scalars π µν q µ q ν and a αβ Γ αβ are most easily evaluated in the global and local fluid rest frames, respectively.
Γ 0 (q, T ) and Γ αβ (q, T ) are calculated using the decomposition (2) in Eq. (3) and collecting terms independent of and linear in π αβ , respectively. In the hadronic phase all internal propagators are massive, and we follow custom [30, 31] by ignoring medium effects on the meson masses and coupling constants. π αβ corrections thus arise only from the explicit f (p) factors for the incoming and outgoing particles in Eq. (3). In the QGP phase, the required use of HTL-resummed internal propagators to account for dynamical quark mass generation introduces a sensitivity of the matrix elements themselves to the deviation of f (p) from local equilibrium:
. So the emission rate receives corrections ∼ π µν from both the matrix elements and the explicit f (p) factors. For a medium described by anisotropic distribution functions of the type (2), the in-medium propagators continue to satisfy the KMS relation in the high temperature limit [27] . We can therefore simply follow [25, 35] to calculate the retarded quark selfenergy with the modified distribution functions (2) .
The dynamical evolution of the radiating fireball is modeled with the boost-invariant hydrodynamic code VISH2+1 [36] , using parameters extracted from previous phenomenologically successful studies of hadron production in 200 A GeV Au+Au collisions at RHIC [37, 38] and in 2.76 A TeV Pb+Pb collisions at the LHC [39, 40] . We explore both Monte-Carlo Glauber (MCGlb) and Monte-Carlo KLN (MCKLN) initial conditions which we propagate with η/s = 0.08 and η/s = 0.2, respectively [37] [38] [39] [40] , using the lattice-based equation of state (EoS) s95p-PCE-v0 [41] . This EoS implements chemical freezeout at T chem = 165 MeV by endowing the hadrons in the hadronic phase with temperature-dependent nonequilibrium chemical potentials that keep the final stable particle ratios fixed. These chemical potentials are included in the photon emission rates from the hadronic phase. -In this work, we start the hydrodynamic evolution at τ 0 = 0.6 fm/c and end it on an isothermal hadronic freeze-out surface of temperature T dec = 120 MeV [42] .
The photon spectrum is calculated by folding the thermal photon emission rates with the temperature profile from the evolving hydrodynamic medium:
.
This spectrum -compared with experimental data in Ref. [43] -is used as weight to compute the p Tdifferential anisotropic photon flow coefficients v n (p T ) relative to the n th -order charged hadron flow angle Ψ n : v n (p T ) = cos[n(φ p −Ψ n )] pT . To reduce computing time we neglect hadronic resonance decays, exploiting the finding in [44] that the charged hadron flow angle Ψ n agrees well with the flow angle for thermal pions.
Results for v 2,3,4,5 (p T ) for thermal photons from central and semi-peripheral Au+Au and Pb+Pb collisions at RHIC and LHC are shown in Fig. 1 . We use the photonweighted scalar product method to determine photon v n {SP} relative to the charged hadron flow planes as the method that most closely corresponds to the experimental procedure [19, 20] . For each centrality bin and initialization model we run 1000 fluctuating events. We emphasize that such an event-by-event approach is indispensable for the higher-order flow harmonics n ≥ 3, and does influence the flow magnitude [11, 45] . Different harmonics are plotted in different colors. The difference between solid and dashed lines illustrates the importance of including viscous corrections in the emission rates; both line styles include viscous effects on the evolution of the hydrodynamic flow in the medium [46] .
Since the MCKLN-initialized fireballs are evolved with 2.5 times larger shear viscosity than the MCGlb fireballs, the viscous corrections to the emission rates are larger in the bottom panels of Fig. 1 . After inclusion of viscous effects, all photon v n are significantly smaller for MCKLN initial conditions than for MCGlb ones, in spite of the ∼ 20% larger initial ellipticity ε 2 from the MCKLN model [22] . In a few cases, the event-plane v 4 and v 5 even become negative in the MCKLN case, driven by the large viscous corrections to the photon emission rates.
Note that, before including viscous effects on the emission rates (dashed lines), the higher-order anisotropic flows generated from MCKLN initial conditions are larger than those from the MCGlb model, in spite of the larger η/s used in the MCKLN runs. This is due to lower initial temperatures in hydrodynamic simulations with larger shear viscosity, in order to compensate for larger entropy production. This reduces the space-time volume for photon emission from the QGP phase and increases the ratio of photons from the hadronic phase to those from the QGP phase. Since hadronic photons carry about 10 times larger flow anisotropies, the v n of the final total photons increase.
The rise and fall of all v n with increasing p T reflects the dominance of hadronic photon sources (which exhibit strong flow) at low p T and the increasing weight of QGP photons from earlier and hotter stages (where flow is weak) at higher p T [7] . The dip around p T = 0.5 GeV in all the v n coefficients is due to the transition from π+π → ρ+γ as the dominant radiation channel at low p T to collision-induced ρ conversion (π+ρ → π+γ) at higher p T [7] . The slight shift of the dip towards higher p T with increasing n reflects the fact that the v n of the hadronic mesons which transfer their flow to the photons (pions at low p T , ρ and other heavier mesons at higher p T ) increase ∝ p n T at low p T . Comparing central (0−20%) to semi-peripheral (20−40%) RHIC collisions we see that only v 2 increases in the more peripheral collisions, due to the increasing geometric elliptic deformation ε 2 of the reaction zone. The higher-order v n show little centrality dependence, reflecting a cancellation between increasing hydrodynamic flow anisotropies (dashed lines) and increasing shear viscous suppression of the photon emission rate anisotropies, probably due to the smaller fireball size in peripheral collisions.
Comparing RHIC with LHC collisions we find an increase of thermal photon v n with collision energy, mainly due to the ∼ 15% longer fireball lifetime at the LHC which affects mostly the QGP phase. It allows QGP photons to develop larger flow anisotropies at LHC compared to RHIC energies. The longer fireball lifetime also helps the system to evolve closer to local thermal equilibrium. The smaller ratio π µν /(e+P ), when averaged over the fireball history, explains the smaller difference between dashed and solid lines (reflecting the photon emission rate anisotropy) at LHC energies compared to RHIC.
The direction Ψ γ n of the n th -order photon flow is obtained by computing the phase of e inφp (where the average is taken with the p T -integrated photon spectrum) [2] . We found that the flow angles Ψ γ n for photons from the hadronic phase are tightly correlated with the pion flow angles Ψ n . However, the p T -dependent viscous correction to the distribution functions in Eq. (2) leads to a decorrelation between the pion flow angle Ψ n and the p T -dependent photon flow angle Ψ γ n (p T ) of photons with momentum p T . This decorrelation increases with p T and with the shear viscosity η/s and is largest at early times when π µν /(e+P ) is big; it fluctuates from event to event and is responsible for the negative v 4,5 (p T ) at high p T in the two left bottom panels of Similar to what has been done for hadrons [40] , one can form the ratio of the integrated elliptic to triangular flow coefficients, v 2 {SP}/v 3 {SP}, for photons and study its centrality dependence. This is shown and compared with the same ratio for thermal pions in Figure 2 . Note that, in the limit were prompt and pre-equilibrium photons carry near-vanishing v n , this ratio is insensitive to their multiplicity. It is larger and shows a stronger centrality dependence for photons than for pions, and both of these trends increase with the value of shear viscosity coefficient: the photons can report on regions of the shear pressure tensor that are inaccessible to hadrons. This highlights again the uniqueness of thermal photons as penetrating probes and demonstrates their privileged status in the extraction of transport coefficients of QCD. In summary, we have presented the first viscous calculation for higher order anisotropic flows of thermal photons. We find sizable triangular flow v 3 for thermal photons at both RHIC and LHC energies which (by symmetry) cannot be due to the initial magnetic field. Viscous effects on the anisotropic flows of thermal photons are larger than for hadrons, due to large viscous anisotropies in the photon emission rate. A comparison of v 2 /v 3 for
